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The purpose of this research was to investigate the effect of ultra-high temperature 
process parameters on age gelation of milk concentrate. Skim milk was concentrated to 2X 
(volume reduction) using reverse osmosis. The milk concentrate was preheated at 75 or 
90°C for 20 or 50 s and UHT-processed at 138 or 145°C for 4 or 16 s. Sterilizing methods 
used were direct steam injection and indirect plate heat exchanger. The samples were 
aseptically collected in presterilized plastic containers and stored at 15 or 35°C. At 15°C 
storage temperature, the steam-injected samples gelled in 5 months when 4 s UHT time 
was used. When UHT time was increased to 16 s, the samples gelled in 6 months. 
Of the samples that were UHT processed by indirect plate heat exchanger for 4 s 
and stored at 15°C, all gelled after 7 months. When UHT time was increased to 16 s, all 
the 138°C samples gelled after 7 months as did the samples that were preheated for 50 s 
and UHT-processed at 138°C. The samples preheated at 75°C for 50 sand UHT-
processed at 145°C gelled after 8 months, whereas at 90°C preheat temperature the samples 
gelled after 9 months. 
The samples stored at 35°C did not gel but showed different sedimentation levels. 
The sediment depth in the container was always greater for the steam-injected samples. 
The samples that received higher heat treatments by the two processing methods had 
a higher sedimentation depth. 
x 
The pH decreased during storage and the extent of reduction was higher at 35°C 
storage temperature . Maillard browning occurred at both storage temperatures. Browning 
was greater in samples stored at 35°C and processed by indirect plate heat exchanger. 
(116 pages) 
INTRODUCTION 
Mille and milk products are of special importance in human nutrition. They 
constitute a significant source of protein, vitamins, minerals, and essential fatty acids (73). 
Raw milk is a highly perishable product and can be potentially unsafe for human 
consumption without further heat treatment. These treatments include thermization, 
pasteurization, retort sterilization, and ultra-high temperature (UHT) processing. The 
purpose of these treatments varies with the order of increasing severity of heat treatment, 
from destroying the psychrotrophic vegetative microorganisms to destroying all the micro-
organisms present, both vegetative and spores (28, 62). 
Heat treatment of milk is considered the most crucial process in the dairy industry. 
Mille may be heated by different methods depending on the characteristics required after 
processing. To produce milk with a long shelf life at room temperature, two types of 
processes, retort and continuous flow, are used. 
Two temperature regions are used for commercial processing of sterile milk: 
(1) 105 to 115°C for 5 to 20 min used for retort sterilization of milk, or 
(2) 135 to 150°C for 2 to 8 seconds used in continuous flow UHT systems through 
heat exchangers or with direct steam injection (25, 62, 101, 136). 
The UHT-process is one in which the product is heated in continuous flow and held 
at that temperature for a sufficient time to produce a level of commercial sterility with an 
acceptable change in the product. The product, after UHT processing in bulk, requires an 
aseptic filling process to avoid bacterial contamination for nonrefrigerated distribution and 
sale (28). 
In the last few years, UHT-processed milk has gained increased acceptance, mainly 
because it can be stored at room temperature without bacterial spoilage. UHT milk can be 
exported to markets having insufficient indigenous milk production, to areas having 
shortages and surpluses due to seasonal variations, and to regions with high ambient 
temperatures or of limited refrigeration facilities. 
There are two major advantages of UHT processing over retort sterilization: 
(1) It uses less energy than retort sterilization, and 
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(2) It causes minimal chemical and physical changes compared to retort sterilization. 
This is attributed to the rate of spore destruction being faster at higher temperatures than the 
rate of most chemical changes (25, 101). 
Retort-sterilized milk suffers from brown discoloration, cooked or caramelized 
flavor, and loss of some nutrients. Because of its flavor, it is not generally acceptable as 
beverage milk but may be used as coffee milk or as an ingredient in food formulations (53). 
The shelf life of UHT milk stored at ambient temperature is limited because of 
proteolysis, sedimentation, and irreversible gelation or coagulation of the product during 
storage (21, 38, 62, 138). The problem of age gelation in UHT-processed concentrated 
milk is more critical than in UHT-processed milk (62). This has hindered the commercial 
use of UHT-processed milk concentrates. 
Several factors including preheating, severity of heat treatment, enzymes, 
composition of milk, sequence of operation, homogenization, use of additives, total solids, 
and storage temperature can affect gelation. Temperature history of milk concentrate 
before, during, and after UHT processing is one of the most important factors in age 
gelation. Knowledge of the effect of heat history of milk concentrate is very important to 
optimize the processing conditions of milk concentrates. 
LITERATURE REVIEW 
UHT Processing Methods 
When a heat treatment of milk is to be selected, the main considerations are 
destruction of heat-resistant spores, inactivation of deleterious enzymes, and retention of 
desirable quality attributes. Quality attributes include storage stability, color, nutritional 
value, and flavor (62). Heat treatments with acceptable milk attributes can be achieved by 
an indirect or direct method. 
Indirect Method. In the indirect method, milk is heated via a heat-conducting 
barrier, usually stainless steel, which separates the heating medium from the milk (25) . 
Mille that is indirectly heated using a plate heat exchanger can take 30-100 s to reach 
processing temperature. This can adversely affect the organoleptic and nutritional quality 
of the product (108). 
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Plate heat exchangers are sensitive to fouling by the deposition of solids from the 
product on hot plate surf aces. Because of the small spacing between plates, a fouling layer 
rapidly obstructs the flow of the product through the heat exchanger (28). To avoid this 
problem, cleaning between runs is recommended. 
Direct Method. In the direct method, milk is mixed under high pressure with 
saturated steam. This provides instantaneous heating of milk . Some of the steam is 
condensed, giving up its latent heat of vaporization to the milk and giving a much more 
rapid heating than that which relies solely on transfer of sensible heat. Mille is cooled after 
a shon holding time by injection through an orifice into a vacuum vessel. The vacuum is 
controlled so that excess water (added to the milk as condensate) is removed as vapor and 
the product is cooled as it gives up the latent heat of evaporation (28). 
The main practical advantages of the direct heating system are its ability to process 
more viscous products and its ability to be operated without cleaning for twice the length of 
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time of a plate-type indirect system. With direct heating, the possibility of deposit build-up 
and fouling is less severe than with an indirect plate heat exchanger. However, the main 
disadvantage of direct heating is comparative cost, as both capital and running costs are 
high (28). 
Milk Concentrates 
Concentrating milk by increasing the total solids content is an economic benefit in 
milk processing because it reduces the volume to be transported and stored. Such a 
concentrate could be exported to markets that have an insufficient indigenous milk supply 
or it could be reconstituted with water for local use as fluid milk or for the manufacture of 
fresh dairy products. 
Evaporation is commonly used in concentrating milk. However, it results in losses 
of volatile components of milk when evaporating under vacuum and can impart a cooked 
favor to milk. 
Membrane processes such as ultrafiltration (UF) and reverse osmosis (RO) are also 
used to concentrate milk (75). In UF, large molecules are retained and most of the small 
solute molecules such as salts, sugar, and most flavor compounds pass through the 
membrane and are lost with water (52, 75). UF does not affect serum casein, calcium, or 
phosphorous content of casein micelles (75). 
Reverse osmosis is a physico-chemical separation technique, in which a solution 
flows under pressure over a porous membrane. The membrane allows passage of only 
relatively small molecules such as water. The remaining retentate is thus effectively 
concentrated. The process usually operates at pressures between 2,000-10,000 kpa (98). 
When milk is concentrated by RO, flux declines with increasing solids content. 
The process becomes inefficient at concentration levels above 25 to 30% total solids (98). 
The quality of the final product can be affected by several factors, including the RO plant 
itself, the conditions under which it is operated, and the holding and transport conditions of 
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the RO concentrates. All of these factors could affect the physical, compositional, and 
microbiological quality of the final product (146). 
During RO concentration, the milk is subjected to temperature and time conditions 
that result in a reduction in ionic calcium (77). The ionic calcium content of diluted raw RO 
skim milk is lower than that of control skim milk over the pH range 6.4 to 6.8. Similarly, 
lower levels of ionic calcium than that of the control were observed in RO concentrate at pH 
values at or above 6.6. Reverse osmosis has the advantage of operating between 30 
to 50°C compared to a temperature of 80°C for evaporation. This lower temperature 
reduces the extent of thermal degradation of proteins and results in minimal cooked flavor 
(52, 77, 98). 
Chemical and Biochemical 
Aspects of UHT Milk 
There are many problems associated with the keeping quality and consumer 
acceptability of UHT milk. These problems include age gelation, sedimentation, 
browning, loss of nutritive value, and off-flavor. 
Age Gelation. According to Zadow and Chituta (153) and Mehta (101), age 
gelation is an important factor in slowing commercialization ofUHT-proccessed 
concentrated milk, particularly, as retort-sterilized milk does not suffer from this defect. 
Age gelation is a term used to describe the progressive increase in the viscosity of 
UHT-processed milks during storage, leading to complete gelation (28). Different terms 
have been used to describe gelation of UHT milk, such as sweet curd, age-thickening, 
lumpiness, and partial gelation (62). Immediately following UHT processing, milk 
viscosity decreases (age-thinning) (62, 77, 80, 84, 103, 142); then there is a long period 
during which very little change in viscosity is observed, but after some months of storage 
at room temperature, the viscosity increases and gelation occurs (13, 19, 43, 63, 78, 82, 
84-86, 90, 92, 140, 142). 
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When gelation occurs, the product exhibits a custard-like consistency and the 
process is irreversible at this stage. The gels are characterized by absence of syneresis but 
on further storage, syneresis occurs in gelled samples (19, 142). Age gelation is preceded 
by a sharp increase in viscosity, usually 2 to 3 wk before gelation (43). Gelation results 
from a network formation through crosslinks between casein micelles, slow conformational 
changes in casein micelles (127), or dissociation and breakdown of casein micelles (105, 
151). 
Sedimentation. Native micelles have a tendency to produce a small layer of 
sediment during several months of storage, which are especially pronounced in 
concentrated milks as long as the containers are not disturbed. Such formation of sediment 
in UHT milk is undesirable although perhaps unavoidable given the density differences 
between micelles and milk serum. This type of sediment, however, is redispersed by 
agitation . 
The mechanism of nondispersible sedimentation of the casein micelles during 
storage is not well understood. One of the hypotheses is that the micelles begin to 
aggregate as an immediate or long-term result of the heat treatment These aggregated 
micelles settle and form a layer of precipitated material (38). This suggests that an increase 
in the molecular weight of the micelles can lead to an increase in the sedimentation rate. 
Sediment formation is influenced by the origin and quality of the raw milk, its acidity, and 
the processing method (23). 
The casein micelles in UHT-treated milks are thought to be modified from their 
native structure because of the effect of heat. This causes the serum protein to denature and 
to react with K-casein to form an altered layer (37, 135). It is possible that deposition of 
calcium phosphate onto the micelles may also contribute to sedimentation (148). These 
processes, by increasing the micelle density, would tend to cause more rapid 
sedimentation . 
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Depending on their size, density, and electric charge, such particles or aggregates of 
particles either sediment or clump on the surface. A brown sediment (easily dispersible 
gelatinous precipitate) was observed at the bottom of recombined lactose hydrolyred milk 
stored at 30°C after 26 wk. This sedimentation was independent of storage temperature, 
degree of lactose hydrolysis, or pH drop for at least 24 wk (103). Formation of visible 
sediment and "whey off' in sterilized (135°C for 45 s) concentrated skim milk was also 
observed by Aoki and Imamura (14) after 50 days of storage at 30"C. 
The extent of sedimentation during UHT processing of recombined skim milk is 
dependent on pH and is inversely related to the preheat treatment used in the manufacture of 
the milk powder (154). On heating casein micelle systems containing fl-lactoglobulin (fl--
Lg) at 90°C for 10 min and at pH < 6.9, a complex of fl-Lg with JC-casein via sulfhydryl-
disulfide interchange is formed and sedimented with the casein on ultracentrifugation (135). 
However, heating milk at pH> 6.9 results in dissociation of whey proteins-JC-casein 
complexes from the micelles and is responsible for the low stability of the micelles (134) . 
The volume of sediment in RO-concentrated UHT milk and diluted RO milk increases as 
the pH is lowered below 6.7 (77) . 
Others (7, 119, 150) have related the extent of sedimentation to the severity of heat 
treatment (increased amount of protein denaturation) and higher storage temperature 
resulting in syneresis and a gelatinous sediment. In reconstituted, concentrated UHT skim 
milk, the amount of sediment was reported to be greater in milks made from high-heat 
powder followed by medium and low heat powders (100). 
The UHT processing method affects the extent of sedimentation although repons 
are inconsistent. More sedimentation has been reported (23, 117, 119) with direct steam 
injection. This has been attributed to the more deposits formed on the metal surfaces within 
the indirect heat exchanger than in a direct heating system, so that less of the modified milk 
solids remain in the milk to appear as sediment during subsequent storage. In addition, the 
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process of injecting steam can fragment proteins, which could cause them to settle out as 
sediment. However, others (25, 26, 128) found that the indirect method gives much more 
sediment than the direct method, either immediately after processing or after up to 20 days 
at 25°C or 45 days at 37°C. They suggest that sedimentation is caused by the severity of 
heating and the difficulty in controlling heat treatment. Sedimentation rather than gel 
formation is the chief defect in UHT-concentrated milk containing polyphosphate when the 
milk is not forewarmed (91 ). 
The extent of sedimentation in UHT milk and UHT-recombined skim milks is 
sensitive to the calcium equilibria in the products (152, 154). High calcium levels, induced 
by addition of calcium chloride, increase the amount of sedimentation with the instability 
occurring at higher pH values than in normal milk. Low ionic calcium levels achieved by 
the addition of calcium-sequestering compounds or the adjustment to pH > 6. 7 reduce or 
completely prevent sediment formation (77). Deposit formation increases when the pH of 
whole and skim milk is reduced, irrespective of whether the adjustment is made through the 
addition of hydrochloric acid or lactic acid However, an increase in milk pH to 6.8 using 
sodium hydroxide results in less deposition during heat treatment (137). 
Off-Flavors. Cooked flavor is one of the primary criticisms of UHT milk. Cooked 
flavor develops when raw milk is heated to 82.2°C for 20 min or when milk is exposed to 
lower temperatures for prolonged time (72). Cooked flavor is caused by thermal 
degradation of J3-lg and fat globule membrane proteins (22, 42) liberating sulfides and 
sulfuydryls and lowering the redox potential (101). These sulfur-bearing compounds 
originate from methionine, cysteine, and cystine. As the intensity of heat treatment is 
increased, more protein is denatured, and there is initially a parallel increase in 
concentration of hydrogen sulfide (42) and volatile compounds (124). 
Bitterness of UHT milk is caused by heat-stable indigenous and bacterial proteases 
(31, 39, 107) and becomes noticeable after cooked flavor begins to diminish (44, 143). 
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Because it correlates with proteolysis, this has been used to predict the shelf life of UHT 
milk (99). Bitter off-flavor in UHT milk containing Pseudomonas sp. strains Pio, P12, 
and P 15 has been reported by McKeller (99). UHT milk inoculated with Pseudomonas 
MC60 (1.3 x 10 3 cfu /mL) developed a bitter flavor after 4 days (1). Addition of .89 units 
proteinase /mL to UHT milk caused a bitter flavor to develop after 14 to 32 days at 40°C. 
In a study by Richardson and Newstead (125) they reported that UHT milk with added 
protease of Pseudomonas fluorescens B 12 and B52 developed an unacceptable bitter favor 
after 3 months of storage at 30°C . Dissolved oxygen in UHT milk, when present in 
sufficient concentration, produces a reduction in cooked flavor as well as complete 
oxidation of ascorbic acid during storage (45). 
When lipolytic activity occurs during storage of UHT milk, the content of free fatty 
acids increases, inducing the development of off-flavors (32, 123). This off flavor remains 
unchanged at refrigeration temperature and increases at 20°C. Lipolysis due to native lipase 
can be reduced sufficiently by normal pasteurization. No milk lipase activity was detected 
after heating at 85°C for 10 s (39). However, bacterial lipases, like bacterial proteinases, 
are very heat-resistant (D values of 1 to 5 min at 150°C). 
Nutritive Value. There is some loss of the nutritive value during UHT treatment of 
milk and its storage. Changes in the chemical structures of the nutrients lead to the loss of 
nutritive value. The main factors affecting nutrients during storage include light, oxygen 
content, and temperature of storage. Although many of the vitamins that occur in milk 
[vitamins A, D, E, riboflavin, nicotinic acid, pantothenic acid, and biotin (101)] are stable 
to heat treatments, storage time is a major factor in the loss of all the vitamins with the 
exception of riboflavin. The oxidized form of ascorbic acid (dehydroascorbic acid) is often 
considered to be heat labile, being lost during mild heat treatments (28). However, in its 
reduced form, it is comparatively heat-stable but can be lost during storage (45, 101). In 
the presence of oxygen and light, heat-sensitive dehydroascorbic acid is formed. 
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Vitamin B12 and folic acid are heat labile. Their destruction involves complicated 
interactions with each other, oxygen, free sulfuydryl groups, and reducing agents such as 
ascorbic acid (46, 47). Storage at room temperature for 20 wk resulted in a loss of 100% 
of vitamin B12, 96% vitamin B6, 85% vitamin C, 32% folic acid, and negligible change for 
vitamin B2 ( 111 ). Dissolved oxygen content during heat processing is, therefore, 
important. 
The UHT processing method affects the extent of the vitamin loss. A negligible 
loss of B6 occurs after indirect heat treatment, but a 35% loss with direct heating has been 
reported (54). However, these losses were found to be related to the storage rather than the 
processing method (25). 
Thiamin is destroyed by heat, and appears to have stable destruction kinetics. It is 
used as an indicator of the chemical changes caused by the sterilization process. Losses of 
thiamin vary from less than 10 to 29% (18). 
Browning. Milk color is the main characteristic immediately apparent to the 
consumer. UHT processing causes whitening whereas retort sterilization causes browning 
(24). During storage, UHT milk turns brown (6, 8, 9, 63). Browning in UHT milk is 
caused by Maillard reactions between lysine E-amino group and lactose's carbonyl group 
(11, 69). Maillard reactions are extremely complex. Initially, colorless components are 
produced and are converted to brown melanoidin pigments. The change in color during 
storage is dependent on processing temperatures and times (124), pH (23), degree of 
protein and lactose hydrolysis (103), and storage temperature (103). Continuation of 
Maillard reactions during storage ofUHT-processed milk may lead to covalent cross-
linking of polypeptide chains, formation of very large complexes, gelation ( 144 ), and 
sedimentation (9). The products of the Maillard reactions may lead to a sensory change 
when the UHT milk is stored at 35°C or above (123). 
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Theories Proposed for Age Gelation 
Many studies have been conducted to elucidate the cause of age gelation of UHT 
milk . There is no unifying theory on the mechanism that causes gelation in concentrated 
milk or how it can be prevented. Various explanations have been offered based on changes 
observed in milk during storage and on the conditions that alter the gelation period. 
However, these explanations are of a speculative nature and need further substantiation 
(62). 
In general, gelation of stored, sterilized milk results from loss of colloidal stability 
of the casein micelles and a direct interaction between casein micelles and their linkage into 
a three-dimensional network (62, 133). Although some of the subunits of casein micelles 
dissociate from the micelles during storage, there is no evidence to support the concept that 
gelation results from complete disintegration of the micelles followed by restructuring of 
the subunits to form a gel (64, 115). The interaction between micelles is preceded by 
changes at the surface of the micelles and, as a result of which, they become more reactive, 
and susceptible to interaction and destabilization . The forces that lead to the weakening of 
the micelles are not fully understood. Several models have been hypothesized to explain 
loss of stability of casein micelle and age gelation (62) including : 
1. Changes that arise from proteinase activity and 
2. Changes that arise from nonenzymic reactions. 
Proteinase Hypothesis. Proteolysis in UlIT milk can occur during storage because 
of the presence of heat-stable enzymes of either native milk or bacterial origin (109). Some 
of these proteolytic enzymes are very heat-resistant and can survive the UHT treatment (2, 
32, 34, 35, 83, 141) or be reactivated during storage (30, 84, 128, 141, 147). The higher 
the storage temperature and the longer the storage time of milk, the higher the degree of 
reactivation. This reactivation is enhanced by free sulfhydryl groups but is retarded by 
oxygen and lower storage temperature (25) . Results by Koning et al. (84) provide further 
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evidence that age gelation of UHT milk is avoided or delayed in the absence of proteases. 
The kinetics of age gelation could be explained by proteolytic enzymes that survive 
UHT treatment (58, 115). However, other studies have indicated no correlation between 
gelation time and the degree of protein breakdown or the extent of proteolysis (96, 102, 
103, 127). 
Nonenzymic Basis for Age Gelation. In the absence of proteolysis, gelation of 
concentrated UHT milk has been observed. This suggests that gelation can result from 
modification of the surface properties of the casein micelle by a nonenzymic, physico-
chemical processes (70, 85, 96, 127). Nonenzymic reactions become of greater 
importance in concentrated milk because the mean free path between casein micelles, other 
proteins, and ionic particles is reduced. Koning and Kaper (86) proposed that age-gelation 
of concentrated casein micelle dispersions is caused by a nonenzymatically initiated 
physico-chemical process influenced by the extent of heat treatment. This is supported by 
the finding that gelation in concentrated milk (81, 90, 102) occurs by a nonenzymatic 
physico-chemical process. The nonenzymic reactions proposed for gelation can be 
summarized as follows. 
1. Physico-chemical Reactions. Whey proteins are denatured by heating in the 
range of 70 to 140°C and form a complex between J}-lg and casein (27). This complex 
may aggregate, causing coagulation (7, 86, 127, 128). Increasing the level of whey 
proteins increases the degree of the complex formation and hastens gelation in UHT-
processed concentrated milk (43). 
During storage, breakdown of K-casein causes a loss of its stabilizing effect, and 
the casein micelles subsequently coagulate in the presence of calcium (128). Dissociation 
of a casein-whey protein complex formed during UHT processing leads to destabilization 
of the casein fraction and to the onset of gelation (33, 70) . In severely heated milk (as in 
retort-sterilized milk), a complete and irreversible interaction between whey proteins and 
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casein occurs, and this complex protects micelles against further changes and interaction 
during storage. With milder heat treatment (such as UHT processing using steam 
injection), formation of this complex is incomplete and reversible so that it does not protect 
the micelles from further changes and interactions during storage (33, 70). 
Loss of stability may be caused by partial dissociation of the micelles and changes 
in calcium, magnesium, and phosphate equilibrium during storage (133). This dissociation 
could expose regions on the surface of casein micelles that promote interaction between 
casein micelles. The reaction of the exposed regions could result from slow conformational 
changes at the sutface of the casein micelles (63, 127). 
Reactive sulfhydryl groups may contribute to instability of milk protein, leading to 
gelation or deposit formation. These groups are formed during storage of UHT-processed 
milk. Unless these groups are oxidized, they can react with proteins and contribute to 
gelation (113, 127). Sulfhydryl blocking agents such as p-mercuribenroate iodoacetamide 
and N-ethylmaleimide have been implicated in retarding gelation of a-caseins, but they 
have little effect in retarding age gelation in milk concentrates (110, 113). A decrease in the 
amount of carbohydrates attached to 1e-casein has been reported during storage of UHT 
milk. These carbohydrates may contribute to the micelle stability; such a decrease could be 
a factor involved in gelation (149). 
2. Enzymic-physico--chemical Combination. Gelation in unconcentrated (63, 96) 
and reconstituted concentrated skim milk ( 100) has been attributed to a two-stage process. 
This mechanism first involves proteolysis of milk proteins by heat-stable proteases that 
hydrolyze caseins and sensitize the micelles to aggregation reactions. Physico-chemical 
changes during storage then cause the destabilized micelles to aggregate and form a gel ( 41, 
79, 82, 103). 
3. Maillard Reactions. Chemical modification by Maillard-type reactions or 
disulfide bonding have been implicated in the mechanism of age gelation (6). Others (6, 8, 
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9) suggest that gelation ofUHT-processed milk is associated with polymerization of casein 
and whey proteins through Maillard-type reactions. These reactions could occur at low 
temperatures, even under refrigeration, and are enhanced as storage temperature is 
increased (8, 9) . However, failure to observe gelation in sterilized milk during storage at 
or above 35°C (127) contradicts their suggestion. The lack of gelation at these higher 
temperatures may have been in part due to the high activity of the protease enzyme at higher 
temperature. This would result in a high degree of protein decomposition and inability to 
form a gel matrix. At 37°C, gelation may be inhibited or prevented by Maillard reactions 
(127). Others (85, 86) concluded that neither the Maillard reactions nor plasmin activity 
could be responsible for gelation. 
Factors Contributing to Age Gelation 
Preheat Treatment. Preheating is used prior to retort and UHT processing . The 
purpose of this step is to reduce the severity of heating during processing. Preheating raw 
milk extends the gel time with greater effect obtained by increasing severity of the heat 
treatment (153). Preheating milk before concentration increases the heat stability of the 
concentrate, retards gelation (19, 43, 66), and is the normal industrial practice when 
manufacturing evaporated milk . The stabilizing effect of preheating is attributed to transfer 
of calcium and phosphate to the colloidal phase (60), which is probably due to precipitation 
of calcium phosphate and denaturation of whey proteins that complex with K'.-casein (134). 
Forewarming milk to a temperature~ 90°C in the manufacture of sterile milk 
concentrates accomplishes denaturation of the whey proteins, formation of ~-lg-K-casein 
complex, and adjustment of the ionic calcium concentration by precipitating calcium 
phosphate (106). Heat stability characteristics of milk may be varied by adjusting preheat 
temperatures or holding times or by adjusting both. When holding time or temperature is 
extended beyond a critical point, a lowered heat stability may occur in concentrated milk 
(133) . 
Sediment formation in UHT milk during storage, an indicator of protein 
destabilization, can be increased by the forewanning process. Higher temperature or 
longer residence time or both lead to greater protein destabilization, with the denatured 
whey proteins complexing with casein , which then lead to larger, less stable protein 
aggregates (108). 
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Heating milk at 55°C for 60 min after UHT processing increases the shelf life of the 
product (80) because it inactivates heat-resistant enzymes from psychrotrophic bacteria (17) 
and inhibits proteolysis during storage (17) . 
Severity of Heat Treatment and Holding Time . Severity of heat treatment during 
UHT processing is an important facto r in age gelation (25, 33, 43, 53, 62, 96, 153). As 
severity of heat treatment increases, gelation is retarded. Increasing the temperature from 
135 to 152°C and holding time from 3 to 12 s gives UHT milk a longer gelation-free shelf 
life (153) . However , higher processing temperatures with shorter holding times reduce 
resistance to gelation (43, 62). To produce a heat-stable concentrated UHT milk, the heat 
treatment applied must be more intense than that for unconcentrated milk (84). 
Extended holding times during processing improve the keeping quality but result in 
cooked flavor, whereas shorter holding times result in increased proteolysis, bitterness, 
and transparency of milk on storage (39). 
Storage Temperature . The occurrence of gelation in UHT-sterilized milk is 
influenced by storage temperature (62, 103, 145, 153). UHT milk coagulates completely 
or partially when it is stored for long periods of time (128). Despite all the work on UHT 
milk, there is no solid agreement on the effect of storage temperature on gelation of 
concentrated or unconcentrated milk. Some researchers have observed faster gelation at 
low temperatures (7, 9, 127, 145). Others have observed it at higher storage temperatures 
(45, 60, 97, 102, 132). However, very low and very high storage temperatures have been 
reported to retard gelation (6, 7, 78, 97, 127, 145, 153). 
Homogenization. Placement of the homogenization step is an important factor in 
the storage stability ofUHT-treated products (62). Homogenizing milk before 
concentrating and UHT processing results in a product with reduced stability against 
gelation, whereas homogenizing milk after processing reduces sediment formation (91 ). 
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Total Solids. Concentrated UHT milk gels faster than unconcentrated milk (19, 43, 
91, 139, 142). This is thought to be a function of solids-not-fat content (25, 142). 
Increasing total solids from 26 to 36 % reduced gelation times from 33 to 12 wk (62). In 
evaporated, UF, or RO-concentrated milk, the concentration of micelles increases, which 
may allow the casein micelles to have more frequent contact with each other and form a gel 
network (96). 
Processing Method. Gelation is also influenced by the UHT processing method. 
The casein particles in directly heated (steam injected) UHT milk are less stable and 
aggregate faster (and, therefore, sediment faster) than in indirectly heated UHT milk (25, 
43, 58, 62, 71, 95, 97, 117). This is thought to be related to the more intense heat 
treatment achieved with indirect heating. Continuous flow and retort-sterilized milk (115 to 
12o·c for 15 to 20 min) retains good quality during storage (62). 
Milk Quality. Seasonal variation in milk composition may affect the gelation 
behavior of UHT milk (53). Summer milk gives more stable products than winter milk 
(153). Also, mastitic milk and early lactation milk (53, 62, 76) gel more quickly. 
Bacteriological quality of milk is also important. Poor quality milk (2, 89, 141, 
153) and the presence of heat-stable bacterial enzymes or spores (39, 56) hasten gelation. 
Holding cooled raw milk in bulk tanks for a long period of time increases growth of 
psychrotrophic bacteria that produce such heat-stable proteinases (62). 
Raw milk in which Pseudomonasfluorescens ARll had grown to 5 x 107 and 8 x 
1()6 colony forming units (cfu)/mL before UHT processing gelled after 10 to 14 days and 8 
to 10 wk, respectively, at 20 ·c. Milks containing< 8 x 1()6 cfu /mL remained liquid for 
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20 wk (89). However, Kocak: and Zadow (78) reported that gelation time is not correlated 
with microbial quality of the raw milk. 
Controlling Age Gelation 
Additives. Extensive studies have been made to develop additives effective in 
controlling gelation of UHT milk during storage. Sodium phosphate, disodium 
ethylenediaminetetraacetic acid, and citrate improve heat stability of retort-sterilized 
concentrated milk but hasten gelation of concentrated and unconcentrated UHT-processed 
milk (82, 108, 128). Sodium hexametaphosphate delays gelation in both concentrated (91) 
and unconcentrated milk (63, 81, 93, 100, 141). The extent of protection against gelation 
offered by polyphosphates increases with increasing chain length and concentration of the 
polyphosphate. A mixture of polyphosphate and monophosphate accelerates gelation. 
Manganous sulfate at a level of .05% delays gelation of concentrated UHT-processed milk 
(93). 
Polyhydric compounds such as lactose, sucrose, and sorbitol at 9.6 g/100 g delay 
gelation of concentrated UHT milk (93). However, sorbitol at 4.5% did not affect gelation 
of UHT-processed concentrated casein micelle dispersions (85, 86). 
Changes in UHT Milk During Storage 
Sterilized concentrated and unconcentrated milks undergo physical and chemical 
changes during storage, which affect the nutritional and organoleptic quality as well as the 
storage stability ( 45). Some of these changes are summarized below. 
Proteolysis. There are two kinds of enzymes in milk, native enzymes and enzymes 
of bacterial origin. Native enzymes in milk include alkaline and acid phosphatase, catalase, 
peroxidase, xanthine oxidase, lipases, and proteinases. Native proteinases originate from 
blood and include plasmin (121), thrombin (120), an acid proteinase (74), and an amino 
peptidase (122). Milk proteinases can survive UHT processing (27, 35, 41, 84, 138, 141) 
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and cause proteolysis (39, 141) and bitterness (85, 102) in stored UHT-processed milk. 
During storage of unconcentrated and concentrated UHT milks, protein breakdown 
(21, 35, 63, 110) and changes in the electrophoretic pattern of casein (21, 35, 63, 110) 
have been reported. This may occur due to the action of heat-stable lipases and 
proteinases, depending on storage temperature (97, 123). More proteolysis has been 
reported in UHT milk processed using steam injection than in indirectly heated milk (94, 
97). Preheating milk at 55 to 94°C for 4 s to 60 min before UHT processing (39) reduces 
the enzyme activity and improves the keeping quality (110). 
Native milk proteinases cleave the peptide bonds at the C-terminal side of Arginine 
and Lysine residues (147) . Lys-X peptide bonds are cleaved faster than Arg -X bonds 
(59). Plasmin primarily hydrolyses as-, J3-, and K-caseins (33, 34). These chemical 
changes are linked with microstructural changes, an increase in sediment formation, and 
viscosity (68). 
A variety of microorganisms is capable of secreting Ii pases and proteinases which 
may alter milk products (27). Bacterial proteinases produced by Pseudomonas are 
extremely heat-resistant (1, 3, 5, 20, 50, 55, 57) and have a low temperature coefficient of 
inactivation (27). They survive UHT processing and cause quality problems and gelation 
on subsequent storage (1, 102). When heated at 149°C, these enzymes are 4,000 times 
more heat-resistant than Bacillus stearothemwphilus spores (1). Such high heat treatment 
can not be applied to milk if damage to the product should be avoided (2, 123). UHT-
treatment partially inactivates the protease of Bacillus cereus , which plays a role in gelation 
of UHT milk (61). Bacterial proteinases attack K-and J3-caseins preferentially and serum 
proteins and as-caseins to a lesser extent (1, 40, 88, 89, 102, 138). 
Higher storage temperature increases proteolytic activity in UHT milk (30, 33, 64, 
120, 127). During storage, more proteolysis occurs when a holding time of .7 to 4.4 sat 
142°C was used compared to 8.4 to 18 s (40). However, Harwalk:ar and Vreeman (64) 
oserved a slower rate of proteolysis in concentrated than in unconcentrated UIIT-
pocessed milk. 
19 
Adding different concentrations of heat-stable protease increases proteolysis during 
strage of UIIT milks (125). Polyphosphate and sodium hexametaphosphate increase 
pnteolysis in UHT milk, whereas calcium chloride reduces it (81). Aprotinin and di-
isipropyl fluorophosphate inhibit proteolysis and bitter flavor and improve the quality of 
UIT milk (39). 
pH . Storage ofUHT milk at temperatures> 20°C shows a continuous decrease in 
pl (7, 16, 79, 81, 97, 153), whereas retort-sterilized milk does not (13). The decrease in 
pl is faster at higher storage temperatures (7, 80, 97, 153). The decrease in pH resulting 
frm heat treatment has been attributed to a breakdown of lactose into acids, precipitation of 
teriary calcium phosphate with concomitant release of [H+], dephosphorylation of casein 
w:h the subsequent formation of calcium phosphate and release of [H+] (16, 118), and 
los of positive charges on the protein molecule caused by the reaction of free £-amino 
gnups of lysine in Maillard-type reactions (7, 83). The onset of gelation could not be 
relted to pH or to the extent of decrease in pH (7, 63, 77, 79). 
Maillard Reactions. Milk color is the main characteristic immediately apparent to 
th consumer. Browning occurs as a result of many complex chemical reactions when milk 
is ,ubjected to prolonged heating or to storage or both. Browning is of most significance 
in!vaporated milk, although sweetened condensed milk and UHT milk are also subject to 
th defect. 
UHT processing causes whitening, and retort sterilization causes browning (24). 
Dring storage, UHT milk turns brown (6, 8, 9, 63) when stored at room temperature. 
Bowning in UHT milk is caused by Maillard reactions between the lysine £-amino group 
arl lactose carbonyl groups (11, 69). Maillard reactions are extremely complex, producing 
ccorless components at first. These components are converted to brown melanoidin 
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pigments. The change in color during storage is dependent on processing temperatures and 
times (124), pH (23), degree of protein and lactose hydrolysis (103), and storage 
temperature (103). Continuation of Maillard reactions during storage of UHT-processed 
milk may lead to covalent cross-linking of polypeptide chains, formation of very large 
complexes, gelation (144), and sedimentation (9). 
Microstructure. Electron microscopy has been used to study changes in the casein 
micelle structure during storage of UHT-processed milks (7, 64, 84, 130). During 
storage, the micelles increase in size (4, 29, 36, 48, 51, 62, 105) as a result of serum 
protein denaturation and aggregation with casein micelles (36, 105), or a shift in location of 
calcium phosphate (29, 51). The size of casein micelles increases with the increase in 
processing time and temperature (51, 65). The increase in casein micelle size is also 
influenced by pH (36). Scanning electron microscopy has been used to study the surface 
morphology as well as the internal structure of milk. Transmission electron microscopy 
techniques such as shadow casting, negative staining, thin-sectioning, and freeze-
fractioning have been used to identify casein micelles and fat globule membranes ( 130, 
131, 132). 
Microstructural changes ofUHT-processed milk depend on storage temperature. 
At 4°C, casein micelles in the gel phase become "spiky" and longer tendrils bridge micelles 
together, forming a network with no coalescence of the micelles (7). Storage of UHT milk 
at room temperature shows aggregates of micelles, whereas storage at higher temperatures 
gives larger micelles (7). The changes in micelle structure are gradual and correlated with 
changes in viscosity and state of gelation (64). The initial stage of rise in viscosity 
coincides with an appearance of slight distortion along with development of thread-like tails 
on the perimeters of casein micelles. This is followed by the appearance of pairs or triplets 
of micelles in highly viscous samples. At the time of gelation, micelles aggregate with 
longer chains connected together to form a three-dimensional network (7, 29, 64, 84, 129). 
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Mineral Balance. There is some reversible movement of calcium, magnesium, 
citrate, and phosphate ions between casein micelles and milk serum during concentration, 
UHT processing, and storage (13). This causes a decrease in the amount of soluble 
calcium in milk immediately after heat treatment. However, UHT processing causes no 
loss in mineral content (28). The shift between ionic and colloidal calcium alters the charge 
and surface properties of the casein micelle (62). Initially, some of the calcium phosphate 
precipitated by UHT treatment dissociates (112, 126), and binding of calciwn and 
phosphate by the casein is reversed. During storage some forms of calcium phosphate 
precipitate (13, 14, 49) . 
Aoki and Imamura (13, 14) have observed a decrease in calcium and inorganic 
phosphorus in ultracentrifugal whey, and an increase in magnesium and Ca IN and PIN 
ratios of the casein fraction sedimentable by ultracentrifugation in stored UHT skim milk. 
Heating milk (140°C, 5 min) decreases the concentration of calcium over the pH range 6.24 
to 6.93 but increases it at pH 7.24 (87). 
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OBJECTIVES 
To optimize the UHT processing of milk concentrates it is necessary to know what 
temperature profile during processing produces UHT milk with the longest shelf life. 
The objectives of this research were to: 
1. Compare two process methods, direct steam injection and indirect heating with 
a plate heat exchanger, 
2. Determine the effect of the preheat temperature and holding time, 
3. Determine the effect of UHT temperature and holding time, 
4. Compare the effect of storage temperature on shelf life on UHT 2X RO 
concentrated skim milk, as measured by age gelation, sedimentation, and browning. 
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MATERIALS AND METHODS 
Milk Concentration 
Skim milk was obtained from the Utah State University Dairy Products Laboratory 
and pasteurized at 63°C (145°F) for 30 min, cooled to 4°C (41 "F), and stored overnight. It 
was heated to 50°C (122°F) and RO concentrated to 2X (volume reduction) using PCI 
membranes (623 Grace Ave, Fond Du Lac, wn under pressure of 6895 kpa (1000 psi) . 
The concentrate was cooled to 15°C (59°F) and refrigerated overnight (4 °C) before UHT 
processing as shown in Figure 1. 
Preheat Treatment and UHT Processing 
A Sterilab™ (Alfa- Laval, Lund, Sweden) pilot plant UHT system was used to 
UHT process the milk concentrate. The milk concentrate was preheated at 75 or 90°C with 
a 58 s residence time in the plate heat exchanger and held for 20 or 50 s. 
Indirect UHT Heating . The preheated concentrate was UHT-processed at 138 or 
145°C in a second plate heat exchanger over 97 sand held for 4 or 16 sat these 
temperatures . The UHT-heated concentrate was cooled to 60°C in a third plate heat 
exchanger. 
Direct UHT Heating . The preheated concentrate was UHT-processed at 138 or 
145°C over< 1 s using pressurized steam and held for 4 or 16 sat these temperatures. 
The UHT-heated concentrate was cooled to ro·c using flash evaporation . 
The UHT-processed concentrate was passed through a two-stage homogenizer with no 
pressure applied. The homogenizer was used as a timing pump to maintain the flow at 100 
L/h. The UHT-heated concentrate was cooled to 20°C and packaged in presterilized 
120 mL plastic containers (Fisher Scientific Co., Pittsburgh, PA) under aseptic conditions 
inside a Stericab™ cabinet (Alfa-Laval, Lund, Sweden) kept under hyperfiltered air. 
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Skim milk pasteurired at 63°C for 30 min cooled to 4°C 
RO Concentration 
50°C, concentrated to 2X, cooled to 4°C 
,J.. 
Preheating 
75°C or 90°C for 20 or 50 s 
UHT Processing 
Direct or Indirect 138°C or 145°C for 4 or 16 s 
,J.. 
Storage Temperatures 
15 and 35°C 
Figure 1. Schematic representation of UHT process parameters of milk concentrate. 
25 
Storage Temperatures 
UHT samples were stored at 15 and 35°C and analyzed every 4 weeks for up to 20 
to 36 wk. 
Experimental Design 
The experimental design was split split split plot with repeated time measurements 
in a completely randomized block design. Processing method was the whole plot; UHT 
holding time was the sub-plot treatments; preheat holding time, preheat temperature, and 
UHT temperature were the sub sub-plot treatments; storage temperature was the sub sub 
sub-plot treatments. Analysis of variance was performed using MINITAB to calculate 
mean squares, from which F values were calculated using the appropriate error term. 
Analysis 
Viscosity. Viscosity was measured using a Brookfield Viscometer model DV-11 + 
(Brookfield Engineering Laboratory, Stoughton, MA) fitted with a UL adapter to follow 
the change in viscosity during storage until the onset of age gelation . Viscosity was 
determined using 16 mL of sample and spindle# 1 at room temperature at a spindle speed 
of(,() rpm. The viscosity was recorded every 30 s, and the average of five readings was 
reported for each sample. A sample was considered gelled when the viscosity exceeded 
100 cPs. 
pH. The pH was measured at room temperature using an Orion pH meter (Orion 
Research Incorporated, Cambridge, MA). 
Browning. The extent of browning was monitored by measuring b * value (15) 
which measures blue and yellow colors on a scale of -60 to +ro, respectively, using a 
reflectance colorimeter (Omnispec 4000™, Wescor Inc., Logan, UT) at 30 ·c using 200 
µL of sample in microtiter plate wells (Coming Glass Works, Coming, NY). 
Milk Composition. Moisture (12), protein (67), ash (12), fat (12), and total solids 
(12) of the milk concentrate were determined prior to UHT processing (12, 67). 
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Visual Observations . Sediment nature and depth, syneresis, and visual changes in 
color were monitored during storage . 
Total Plate Counts and Psychrotrophic Plate Counts . Total plate count ('I'PC) and 
psychrotrophic count (PPC) of raw, pasteurized, and RO milks before UHT processing 
were determined using Petrifilm TM 6400 (Aerobic Count Plates, 3M, St. Paul, MN) . 
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RESULTS 
Milk Composition and Quality 
The average composition of the RO milk concentrate was 5.97 ± .24% protein, .8 ± 
.01 % fat, 1.82 ± .23% ash, and 18.52 ± .33% total solids . By difference, the concentrates 
were approximately 10% lactose . 
Microbial Content 
Total plate count and psychrotrophic plate count are shown in Table 1. Higher 
values were obtained for raw milk. Pasteurization reduced microbial load to< 1000 
cfu/mL but after RO concentration and overnight storage at 4 °C, lx>th the total and 
psychrotrophic count had increased to almost their original values. 
TABLE 1. Total plate count and psychrotrophic plate count calculated as cfu/ml of raw, 
pasteurized, and RO concentrated skim milk. 
Total Plate Count (cfu/mL) Psychrotrophic Count (cfu/mL) 
Raw milk 2.6 10 x 5 1.7x10 5 
Pasteurized milk < 10 3 < 10 3 
RO milk 1.2 x 10 4 1.2 x 10 4 
Visual Observations 
Indirect Heating with 4 s UHT Holding Time. At 15°C storage temperature, there 
was no observed change in color in the first 5 months of storage. On further storage the 
samples developed a brown color, the intensity of which increased with the severity of 
UHT heating. A layer of sediment was observed after 4 months, but it was dispersible. 
After 7 months, this sediment became undispersible. A watery layer (.5 cm) at the top of 
the sample containers was also observed after 5 months of storage. 
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At 35°C storage temperature, a brown color was observed after 2 months of 
storage. Separation into layers (white at the top, brown serum in the middle, and 
dispersible sediment at the bottom of the container) was observed at this stage. After 6 
months of storage, when the samples were shaken, a custard-like brown clot settled at the 
bottom of the sample container. 
Indirect Heating with 16 s UHT Holding Time. At 15°C storage temperature, no 
change in color was observed during the first 4 months of storage. On further storage the 
samples gradually turned brown, and the intensity of browning increased. A layer of 
sediment formed at the bottom of the container but it was dispersible until the samples 
gelled (viscosity > 100 cPs). A watery layer (.5 cm) at the top of the sample container was 
noticed after 5 months of storage. 
At 35°C storage temperature, a visual brown color was observed after 2 months of 
storage. As the intensity of UHT heating was increased, the intensity of browning 
increased. Separation into three layers was also noticed at this stage. The sediment formed 
was dispersible for 6 months of storage and, on further storage, it resulted in brown clots 
(curd-like) upon shaking. 
Direct Heating with 4 s UHT Holding Time. At 15°C, no visual change in color 
was observed until the sample had gelled (viscosity> 100 cPs). A watery layer was 
observed at the top of the sample containers. Samples preheated for 50 s and UHT-
processed at 145°C sedimented in 2 months. The sediment became undispersible after 3 
months of storage. 
At 35°C, no visual change in color was observed in the first 2 months of storage. 
On subsequent storage, the brown color became more intense. Samples UHT-processed at 
145°C sedimented in 2 months. An undispersible sediment was noticed after 3 months of 
storage, and it resulted in a coagulum and clots upon shaking. 
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Direct Heating with 16 s UHT Holding Time. At 15°C, no visual change in color 
was observed in the first 3 months of storage. On further storage the samples developed a 
brown color the intensity of which increased as the severity of heating was increased. A 
water layer was noticed at the top of the sample containers after 3 months of storage. 
Samples preheated for 50 s sedimented in 3 months. The sediment became undispersible 
after 4 months of storage. 
At 35°C, no change in color was observed in the first 3 months of storage. At 
4 months the samples turned brown; the intensity of browning was prominent for the 
samples sterilized at 145°C. A water layer was noticed at the top of the sample containers 
after 3 months of storage. Samples preheated for 50 s sedimented by 2 months. The 
sediment became undispersible after 4 months of storage. 
Gelation Time 
A summary of the analysis of variance showing significance of processing methcxl, 
UlIT time, preheat temperature, preheat time, UHT temperature, storage temperature , and 
storage time is shown in Table 2. (Examples of ANOVA tables are given in the Appendix.) 
Indirect UHT Heating . Indirect UlIT heating of 2X RO milk resulted in a longer 
gelation-free pericxl as compared to UHT heating by steam injection. All samples stored at 
15°C displayed beginning of gelation as shown by an increase in viscosity after 5 months 
of storage. 
When UHT holding time of 4 s was used, the rate of viscosity increase was 
inversely related to the extent of heat exposure (Figure 2). That is, the rate of viscosity 
increase for 138°C UHT temperature> 145°C, 75°C preheat temperature> 90°C, 20 s 
preheat holding time > 50 s. The largest difference was between the samples preheated at 
75°C for 20 s followed by UHT processing at 138°C for 4 s samples and the samples 
preheated at 90°C for 50 s followed by UHT processing at 145°C for 4 s samples, but all 
of the samples gelled by 7 months. A further decrease in the rate of viscosity increase was 
TABLE 2. ANOV A of viscosity showing significance of main effects and two-way 
interactions. 
~ource oT vanatton d.f. MS Significance 
Method (M) 1 184489 ** 
Error (a)l 2 12.5 
UHTtime (U) 1 41108 ** 
MU 1 33162 ** 
Error (b)l 2 3 
Preheat temp. (P) 1 497 ** 
Preheat time (f) 1 3072 ** 
UHT temp. (H) 1 417 ** 
PT 1 87 ** 
PH 1 40 ** 
TH 1 86 ** 
MP 1 2 NS 
Mf 1 419 ** 
MH 1 767 ** 
UP 1 31 ** 
UT 1 185 ** 
UH 1 14 ** 
(3 & 4 way interactions)2 16 -
Error (c)l 28 .75 
Storage temp. (F)l 1 28226 ** 
FM 1 3924 ** 
FU 1 4033 ** 
FP 1 36127 ** 
FT 1 205 ** 
FH 1 18 * 
(3 & 4 way interactions)2 26 -
Error (d)l 32 1.38 
Month (N) 6 108711 ** 
Error (e)l 6 2.7 
NM 6 51065 ** 
NU 6 21356 ** 
NP 6 76 NS 
NT 6 471 NS 
NF 6 5153 ** 
NH 6 26 NS 
Error (f)l 720 379 
Total 895 
1 Error tenns calculated as sum of interaction of replicate and appropriate effects of the 
split plot. 
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2 Individual interactions were significant Listing of interactions is given in the appendix. 
NS = Not significant at P =.05 
*=Significant at P < .01 
**=Significant at P < .001 
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Figure 2. Changes in viscosity of 2X concentrated skim milk during storage at 15°C after 
indirect heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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observed when 16 s UHT holding time was used (Figure 2). Increasing the UHT 
temperature from 138 to 145°C had more effect on the rate of viscosity increase than 
increasing the preheat temperature from 75°C to 90°C. 
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No gelation was observed in these samples when stored at 35°C (Figure 3) and 
although there was a slight increase in viscosity, it did not go above 20 cPs. The general 
trend was for viscosity to increase most in samples with less heat treatment With a 4 s 
holding time, heating to 145°C produced the most stable sample with viscosity changes 
over 9 months of~ 2 cPs. The same applied when 16 s holding time was used, and, in 
this case, the major factor preventing the continued increase in viscosity during storage was 
using the 50 s holding time at 75°C or 90°C. Samples preheated to 90°C had slightly lower 
viscosity. 
Direct UHT Heating. UHT processing of 2X RO milk using direct steam injection 
resulted in a shorter shelf life because of gelation or sedimentation or both. Initially the 
viscosity decreased in the first month and then increased on further storage. When UHT 
holding time of 4 s was used, the same trend in viscosity change with respect to extent of 
heat treatment was observed as for milk UHT heated in the plate system. Gelation, as 
shown by increase in viscosity, increase (Figure 4) started gradually over a 3-month period 
(from 20 to 132 cPs). All of the samples had gelled by the fifth month. In contrast, with 
indirect heating, viscosity was relatively constant for 5 months and then increased more 
quickly, from 12 cPs up to 110 to 150 cPs over a 2-month period. 
A further decrease in the rate of viscosity increase was observed when 16 s UHT 
holding time was used (Figure 4 ). Increasing the preheating time from 20 to 50 s had more 
effect than increasing the preheat temperature from 75°to 90°C, but the gelation time was 
the same (6 months). No gelation was observed in these samples when stored at 35°C 
(Figure 5). With a 4 s holding time the samples showed a decrease in viscosity in the first 
month. The viscosity increased during storage and reached a maximum of 32 to 49 cPs by 
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Figure 3. Changes in viscosity of 2X concentrated skim milk during storage at 35°C after 
indirect heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 4. Changes in viscosity of 2X concentrated skim milk during storage at 15°C after 
direct heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 5. Changes in viscosity of 2X concentrated skim milk during storage at 35°C after 
direct heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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the fifth month. Again the general trend was for viscosity to increase most in samples with 
less heat treatment The same applied when 16 s UlIT time was used, and in this case the 
major factor preventing the continued increase in viscosity during storage was 
a combination of preheating at 75 and 90°C for 50 sand UHT processing at 145°C. The 
viscosity reached a maximum of 34 to 40 cPs for the samples preheated for 20 s versus 15 
to 32 cPs for the 50 s preheating time. The statistical significance of the different UHT 
process parameters on changes in viscosity during storage is shown in Table 2. 
The shelf life of the different treatments at 15 and 35°C storage are shown in Tables 
3 and 4, respectively. The main causes of the product failure for the samples stored at 
35°C were sedimentation or browning or both. At 15°C storage, gelation was involved in 
terminating the shelf life. 
pH Changes During Storage 
Table 5 shows that the pH of all samples decreased during storage. Storage 
temperature had the greatest effect on decrease in pH. The rate of decrease in pH was 
greater for the samples processed by the indirect method compared to those processed by 
steam injection at both storage temperatures. The effect of the preheat temperature and the 
UHT time on drop in pH were not statistically different at the P = .05 level. See Table 6 
for the effect of other factors and of interactions. A common trend was observed that the 
greater the heat treatment, the larger the drop in pH. As can be seen in Figures 6 to 9, the 
pH drop for 90°C preheat temperature was greater than for the samples heated to 75°C. 
Similarly, temperatures and times of 145°C > 138°C and 50 s preheat holding time> 20 s, 
respectively, indicated a gradual decreasing of pH. 
Maillard Browning During Storage 
The extent of browning, as measured by b * value, in all samples increased during 
storage. The b * value measures blue and yellow colors on a scale of -ro to +60, 
TABLE 3. Shelf life of2X RO concentrated skim milk processed at various UHT 
conditions and stored at 15°C. 
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Method UHT UHTtime Preheat Preheat Shelf life * Cause of 
temp. °C s temp. (°C) times 
Direct 145 4 90 50 
Direct 145 16 90 50 
Direct 145 16 90 20 
Direct 145 16 75 50 
Direct 145 16 75 20 
Direct 138 16 90 50 
Direct 138 16 75 50 
Indirect 145 16 90 50 
Indirect 145 16 90 20 
Indirect 145 16 75 50 
Indirect 145 16 75 20 
Indirect 138 16 90 50 
Indirect 138 16 90 20 
Indirect 138 16 75 50 
Direct 145 4 90 20 
Direct 145 4 75 50 
Direct 145 4 75 20 
Direct 138 16 90 20 
Direct 138 16 75 20 
Direct 138 4 90 50 
Direct 138 4 90 20 
Direct 138 4 75 50 
Direct 138 4 75 20 
Indirect 145 4 90 50 
Indirect 145 4 90 20 
Indirect 145 4 75 50 
Indirect 145 4 75 20 
Indirect 138 4 90 50 
Indirect 138 4 90 20 
Indirect 138 4 75 50 
Indirect 138 4 75 20 
Indirect 138 16 75 20 
* G = viscosity ~ 100 cPs. 
S = Undispersible sediment or sediment depth> 2 cm. 
B = Visually observable browning (b * ~ 8). 
(m) failure 
2 s 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
4 B 
5 B 
5 B 
5 B 
5 B 
5 B 
5 B 
5 G/S 
5 G 
5 G 
5 G/S 
5 G!S 
5 G 
5 G 
5 G 
5 G 
6 G/S 
6 G!S 
6 G!S 
6 BIS 
6 G/S 
6 G!S 
6 G/S 
6 G/S 
7 G 
TABLE 4. Shelf life of 2X RO concentrated skim milk processed at various UHT 
conditions and stored at 35°C. 
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Method UHT UHTtime Preheat Preheat Shelf life * Cause of 
temp. ·c s temp. (°C) times 
Indirect 145 16 90 50 
Indirect 145 16 90 20 
Indirect 145 16 75 50 
Indirect 145 16 75 20 
Indirect 145 4 90 50 
Indirect 145 4 ~u LU 
Indirect 138 16 90 50 
Indirect 138 16 75 50 
Direct 145 16 90 50 
Direct 145 16 75 50 
Direct 145 4 90 50 
Direct 145 4 90 20 
Direct 138 16 90 50 
Indirect 145 4 75 50 
Indirect 145 4 75 20 
Indirect 138 16 90 20 
Indirect 138 16 75 20 
Indirect 138 4 90 50 
Indirect 138 4 90 20 
Indirect 138 4 75 50 
Indirect 138 4 75 20 
Direct 145 16 90 20 
Direct 145 16 75 20 
Direct 145 4 75 50 
Direct 145 4 75 20 
Direct 138 16 90 20 
Direct 138 16 75 50 
Direct 138 16 75 20 
Direct 138 4 90 50 
Direct 138 4 90 20 
Direct 138 4 75 50 
Direct 138 4 75 20 
* G =viscosity~ 100 cPs. 
S = Undispersible sediment or sediment depth> 2 cm. 
B = Visually observable browning (b * ~ 8). 
(m) failure 
2 B 
2 B 
2 B 
2 B 
2 B 
2 B 
2 B 
2 B 
2 s 
2 s 
2 s 
2 s 
2 s 
3 B/S 
3 B 
3 B 
3 B 
3 B 
3 B 
3 B 
3 B 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
3 s 
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TABLE 5. pH ranges immediately after UHT processing and after 6 months of storage at 
15 and 35°C. 
Storage UlIT heating UlIT heating pHafterUHT pH after6 
Temnerature methcxi time heating months 
15 ·c Indirect 4s 6.51-6.47 6.45-6.39 
15 ·c Indirect 16 s 6.50-6.47 6.43-6.36 
15 ·c Steam 4s 6.56-6 .51 6.49-6.42 
15 ·c Steam 16 s 6.55-6.53 6.43-6.39 
35 ·c Indirect 4s 6.51-6.47 5.90-5.86 
35 ·c Indirect 16 s 6.50-6.47 5.86-5.79 
35 ·c Steam 4s 6.56-6.51 6.06-6.00 
35 ·c Steam 16 s 6.55-6.53 6.00-5.93 
respectively. An increase in b * value above 8 results in yellow coloration. Samples stored 
at 35°C (Figures 10 to 11) were more brown than those stored at 15°C (Figures 12 to 13). 
Processing by the indirect plate heat exchanger showed a greater trend of prcxiucing more 
browning than samples processed by steam injection. Using 145°C UHT temperature also 
caused more browning than using138°C. The overall trend was that the more intense 
heating caused more brwoning at a given storage temperature. All of the different UlIT 
prameters significantly affect b * value (P < .001) as shown in Table 7. 
Sedimentation During Storage 
Storing samples at 35°C caused more sedimentation than at 15°C. Steam injection heating 
to 145°C caused sedimentation to occur more quickly, particularly when a 50 s preheat 
holding time was used. The other samples remained sediment-free for 6 months at 15°C 
(Figure 14), but they were sediment-free for only 3 months at 35°C (Figure 15). Samples 
that had been UHT-processed by steam injection to 138°C (with 20 s preheat holding time) 
remained stable for 4 months at 15°C (Figure 16) and for two months at 35°C 
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TABLE 6. ANOV A of pH showing significance of main effects and two-way interactions. 
Source of variation d.f. MS Significance 
Method (M) 1 .990 * 
Error (a)l 2 .042 
UHTtime (U) 1 .086 NS 
MU 1 .028 NS 
Error (b)l 2 .051 
Preheat temp. (P) 1 .001 NS 
Preheat time (T) 1 .094 ** 
UHT temp. (H) 1 .081 ** 
PT 1 .000 NS 
PH 1 .006 NS 
TH 1 .001 NS 
MP 1 .012 * 
Mf 1 .000 NS 
MH 1 .001 NS 
UP 1 .000 NS 
UT 1 .003 NS 
UH 1 .007 * 
(3 & 4 way interactions)2 16 -
Error (c)l 28 .002 
Storage temp. (F)l 1 2.270 ** 
FM 1 .169 NS 
FU 1 .020 NS 
FP 1 .000 NS 
Ff 1 .000 NS 
FH 1 .008 NS 
(3 & 4 way interactions)2 26 -
Error (d)l 32 .051 
Month (N) 6 1.630 ** 
Error (e)l 6 .005 
NM 6 .010 * 
NU 6 .010 * 
NP 6 .001 NS 
NT 6 .002 NS 
NF 6 .863 ** 
NH 6 .001 NS 
Error (t)l 720 .002 
Total 895 
1 Error terms calculated as sum of interaction of replicate and appropriate effects of the 
split plot. 
2 All individual interactions were significant. Complete listing of interactions is given in 
the appendix. 
N S = Not significant at P =.05 
* = Significant at P < .05 
** = Significant at P < .001 
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Figure 6. Changes in pH of 2X concentrated skim milk during storage at (a) 15°C, (b) 
35°C after indirect heating at either 138 or 145°C for 4 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 7. Changes in pH of 2X concentrated skim milk during storage at (a) 15°C, (b) 
35°C after indirect heating at either 138 or 145°C for 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 8. Changes in pH of 2X concentrated skim milk during storage at (a) 15°C, (b) 
35°C after direct heating at either 138 or 145°C for 4 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 9. Changes in pH of 2X concentrated skim milk during storage at (a) 15°C, (b) 
35°C after direct heating at either 138 or 145°C for 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 10. Maillard browning in 2X concentrated skim milk during storage at 35"C after 
(a) indirect, (b) direct heating at either 138 or 145"C for 4 s. the preheat treatment was 75 
or 90°C for 20 or 50 s. 
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Figure 11. Maillard browning in 2X concentrated skim milk during storage at 35°C after 
(a) indirect, (b) direct heating at either 138 or 145°C for 16 s. The preheat treatment was 
75 or 90°C for 20 or 50 s. 
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Figure 12. Maillard browning in 2X concentrated skim milk during storage at 15°C after 
(a) indirect, (b) direct heating at either 138 or 145°C for 4 s. The preheat treatment was 75 
or 90°C for 20 or 50 s. 
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Figure 13. Maillard browning in 2X concentrated skim milk during storage at 15°C after 
(a) indirect, (b) direct heating at either 138 or 145°C for 16 s. The preheat treatment was 75 
or 90°C for 20 or 50 s. 
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TABLE 7. ANOV A of browning showing significance of tnain effects and two-way 
interactions. 
~ource ot vanatton d.f. MS Significance 
Method (M) 1 1443.84 
* 
Error (a)l 2 8.75 
UHTtime (U) 1 314.93 * 
MU 1 .18 NS 
Error (b)l 2 1.03 
Preheattetnp. (P) 1 59 .66 * 
Preheat titne (T) 1 112.15 * 
UHT tetnp. (H) 1 94.90 * PT 1 .59 NS 
PH 1 33.17 * 
TH 1 86 * 
MP 1 22.95 * 
Mf 1 3.96 * MH 1 16.78 * 
UP 1 .41 NS 
UT 1 4.72 * 
UH 1 4.40 * (3 & 4 way interactions )2 16 -
Error (c)l 28 .28 
Storage tetnp . (F)l 1 2002 .22 * 
FM 1 106.98 * 
FU 1 2 .68 * 
FP 1 19.39 * FT 1 2 .89 
* FH 1 18.57 * (3 & 4 way interactions)2 26 -
Error (d)l 32 .04 
Month (N) 6 1103.46 * 
Error (e)l 6 .45 
NM 6 75.34 * 
NU 6 25.91 * 
NP 6 4 .19 * NT 6 7.10 * 
NF 6 154.60 * 
NH 6 4.94 * 
Error (t)l 720 .35 
Total 895 
1 Error terms calculated as SUill of interaction of replicate and appropriate effects of the 
split plot. 
2 All individual interactions were significant. Cotnplete listing of interactions is given in 
the appendix. 
N S = Not significant at P=.05 
* = Significant at P < .001 
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Figure 14. Sedimentation in 2X concentrated skim milk during storage at 15°C after 
indirect heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 15. Sedimentation in 2X concentrated skim milk during storage at 35°C after 
indirect heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 
90°C for 20 or 50 s. 
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Figure 16. Sedimentation in 2X concentrated skim milk during storage at 15°C after direct 
heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 90°C 
for 20 or 50 s. 
67 
3.0 
• 75(20 s,138/4s 
(a) 
II 90(20 s, 138/4s 
-- 2.5 II 75(20 s,145/4s s 
u ~ 90(20 s,145/4s 
'-' D 75/50 s,138/4s 
.c 2.0 
- • 90/50 S, 138/4s c. QJ El 75/50 s,145/4s ::: "C 
1.5 El 90/50 s,145/4s !~ ...... !(! c ::: 
QJ 
iii s 
:a ::: 
QJ 1.0 
r'1 
0.5 
0.0 
2 3 4 5 6 
3.0 
• 75/20 s,138/16s 
(b) 
II 90/20 s, 138/16s 
-. 2.5 II 75/20 s,145/16s s ~ 90/20 s,145/16s u 
'-' D 75/50 s,138/16s 
.c 2.0 
• 90/50 s,138/16s ...... c. E3 75/50 s,145/16s QJ 
"C El 90/50 s,145/16s 
...... 1.5 c 
QJ 
s 
·-"C 1.0 QJ 
r'1 
0.5 
0.0 
2 3 4 5 6 
Storage time (months) 
(Figure 17) before sedimentation was observed. The effect of the different UHT process 
parameters on sediment formation was significantly different (P < .001) as shown in 
Table 8. 
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Figure 17. Sedimentation in 2X concentrated skim milk during storage at 35°C after direct 
heating at either 138 or 145°C for (a) 4 s, (b) 16 s. The preheat treatment was 75 or 90°C 
for 20 or 50 s. 
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TABLE 8. ANOV A of sedimentation showing significance of main effects and two-way 
interactions . 
Source ot vananon d.f. MS Significance 
Method (M) 1 38.5701 
* 
Error (a)l 2 .0001 
UHTtime (U) 1 1.0795 * MU 1 11.4528 * 
Error (b)l 2 .0001 
Preheat temp. (P) 1 1.0795 * Preheat time (T) 1 6.2278 * 
UHT temp. (H) 1 3.430 * 
PT 1 .0019 * 
PH 1 .2545 * TH 1 .0501 * 
MP 1 .6699 * Mr 1 .2893 
* MH 1 .0019 * 
UP 1 .1580 * UT 1 .9581 * 
UH 1 .1050 * (3 & 4 way interactions)2 16 -
Error (c) 1 28 .0001 
Storage temp . (F)l 1 81.1809 * 
FM 1 .5064 * 
FU 1 1.0382 * FP 1 .4509 * FT 1 .9581 
* FH 1 .5159 * (3 & 4 way interactions)2 26 -
Error (d)l 32 .0001 
Month (N) 6 309.9145 * 
Error (e)l 6 .0001 
NM 6 4.0382 * 
NU 6 .5334 * 
NP 6 .1118 * NT 6 .6406 * 
NF 6 14.8137 * 
NH 6 .3251 * 
Error (t)l 720 .0896 
Total 895 
1 Error terms calculated as sum of interaction of replicate and appropriate effects of the 
split plot. 
2 All individual interactions were significant. Complete listing of interactions is given in 
the appendix. 
*=Significant at P< .001 
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DISCUSSION 
Changes in Viscosity During Storage 
In the present study, steam injection offered less protection against gelation of UlIT 
milk during storage compared to the indirect plate exchanger heating. Similar observations 
have been made by other authors (25, 43, 58, 62, 71, 95, 97, 117). This could be 
attributed to the milder heat treatment and the quicker cooling by flash evaporation achieved 
when using the direct method compared to the longer come-up and cool-down time 
associated with indirect heating. 
The decrease in viscosity, in the initial stages of storage, could be explained by 
dissociation of casein micelles as others (62, 77, 80, 84, 103, 142) have reported. The 
increase in gelation time observed with higher processing temperature and longer holding 
time could be due to more whey proteins being denatured and forming an irreversible 
complex with caseins. This complex might protect the micelles against further changes 
during storage as others have demonstrated (19, 43, 66, 80, 84, 96, 128, 133, 134, 153). 
In this study gelation of UlIT milk concentrate was retarded at 35°C storage 
temperature. Some researchers have demonstrated the same effect in UHT milk (6, 7, 78, 
112, 128, 147, 154). Others (43, 56, 58, 96, 123) have observed the opposite . Lack of 
gelation at this temperature could be attributed to the blockage of lysine residues at high 
storage temperature as a result of browning reactions. The blockage of these residues 
either prevented the necessary conformational changes or blocked existing regions which 
could take part in the protein-protein interactions leading to gelation. Continued proteolytic 
activity at such temperatures may have resulted in sedimentation rather than gelation. 
The viscosity changes at this temperature are not quite meaningful because of 
sedimentation of casein micelles. Severe sedimentation observed in these samples during 
storage probably accounts for this reduction in apparent viscosity. From my observations, 
73 
an inverse relationship apparently exists between susceptibility to gelation versus extent of 
sedimentation. Destabilization of the casein micelles could occur faster at higher storage 
temperature (123), resulting in micelle aggregates forming which would then rapidly 
sediment because of their increased size (58, 145). 
pH Decrease During Storage 
Storage of UHT milk at 35°C showed a continuous decrease in pH compared to 
15°C storage. The greater decrease at 35°C is consistent with the more pronounced extent 
of Maillard browning at such an elevated storage temperature. A similar decrease in pH 
during storage of UHT milk has been observed by other investigators (7, 16, 79, 81, 97, 
153) with a more rapid decrease at higher storage temperatures (7, 80, 97, 153). 
The decrease in pH has been attributed to many factors, including the loss of 
positive charges on the protein molecule caused by the reaction of free e-NH2 groups of 
lysine with lactose in the Maillard reaction ( 6-9), breakdown of lactose into organic acids 
during storage, dephosphorylation of proteins caused by reactivated alkaline phosphatase 
(123), precipitation of calcium phosphate, and formation of calcium and phosphate ions 
leading to the release of hydrogen ions (7, 16, 83, 118), as well as other reactions of 
protein side-groups which can occur during prolonged storage at 35°C. While brown 
coloration is a function of Maillard browning, this is not the only reaction by which [H+] is 
liberated during storage of UHT milk. 
Maillard Browning During Storage 
An increase in b * value was observed in all samples during storage. At 35°C, 
storage temperature browning was more pronounced compared to 15°C. This might be due 
to an increase in the concentration of hydroxymethylfurfural at higher storage temperatures. 
The results obtained from this study were consistent with reports by other researchers (6, 
8-10, 45, 82, 104, 116, 123, 127). 
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Severity of heat treatment was directly related to the extent of browning as others 
have observed (27, 45, 114, 152). This could be attributed to the more folding of proteins 
at higher processing temperatures, making more amino groups accessible for the Maillard 
reaction. Although complexing of lactose with amino groups of protein will still occur, 
melanoidin pigments are not formed unless free amino acids and peptides are present. 
Sedimentation During Storage 
In this study, more sediment was observed in milk UHT-processed by direct steam 
injection with significant sedimentation (~ cm) occurring in some samples after only 2 
months of storage. Others (25, 26, 128) have found more sediment in UHT milk 
processed by the indirect method when tested either immediately after processing or after 
up to 20 days of storage at 25°C or 45 days at 37°C. The difference in the amount of 
sedimentation for the direct and indirect processing method could be due to the fouling 
phenomenon found in the indirect method. The direct method, with instantaneous heating, 
has no heat transfer wall; thus, very little of the sedimentable material fouls or deposits 
during UHT processing. Fouling occurs in the indirect heating method during processing, 
leaving less of the modified milk solids to appear as sediment during subsequent storage. 
Another explanation could be that the process of injecting steam can fragment 
proteins, which could cause them to settle out as sediment (23, 117, 119). 
Sedimentation increased as the heat exposure (preheat temperature, holding time 
and UHT temperature, holding time) was increased This is probably due to the increased 
amount of protein denaturation, caseins' aggregation, and mineral salt precipitation which 
can occur as a result of heating. 
At higher storage temperature, the viscosity of milk decreased, thus increasing the 
settling velocity, as demonstrated by Stroke's law. Therefore, the rates of sedimentation 
would be increased. Chemical cross linking of proteins with a possible increase in particle 
size during storage at 35°C (145) may explain why more sediment is formed at 35°C, as it 
could increase the particle size. Likewise, at lower storage temperature, the viscosity is 
increased, thus slowing the rate at which sedimentation could occur. 
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Different factors including the raw milk quality (23), the severity of heating (100, 
119, 137, 150), pH of the milk (23,77, 87, 152), the processing method (23, 25, 26, 117, 
119, 128), the storage temperature, the total solids (77), and deposition of calcium 
phosphate onto the micelles have been shown to affect the extent of sediment formation 
during storage of UHT milk (38, 87). 
It has been observed in earlier research at Utah State University (McMahon, 
unpublished data) that, when UHT-concentrated milks are stored in an undisturbed 
manner, sedimentation of casein micelles occurs. This results in concentration of micelles 
at the bottom of the container and a thinning at the top layer. Evidently, the size of the 
micelles after UHT processing is such that diffusion forces are not adequate to prevent 
sedimentation. This has been confirmed by Dalgleish (38), who calculated sedimentation 
rates based on casein micelle size and concentration. 
During storage, the surface layers of the milk are depleted and the layers at the 
bottom of the container are considerably enriched in casein. The top layer was most likely 
fat (samples had .8% fat), which had complexed with milk proteins during RO processing. 
These proteins could rise to the top of the container during storage, producing the white 
layer . The middle layer was probably a dispersion of small casein micelles while the 
bottom layer could consist of aggregated casein micelles. At higher storage temperatures, 
the hydrophobic interaction is stronger; the hydrogen bonds are weak, and this could lead 
to release of water molecules as syneresis. 
CONCLUSIONS 
1. Processing method and storage temperature were very critical in determining the shelf 
life of UHT milk concentrate. 
2. Samples stored at 15°C and processed by steam injection gelled faster compared to 
indirect plate heating. 
3. Sedimentation was greater in samples processed by steam injection than by plate 
heating. 
4. Steam injected samples sedimented more as severity of heating increased . 
5. More sedimentation occurred at 35°C than at 15°C. 
6. Sedimentation limited shelf life of 2X lJHT milk processed with steam injection and 
stored at 35°C. 
7. Sedimentation limited shelf life of 2X UHT milk processed with steam injection and 
stored at 15°C when more severe heat treatments were applied, such as 145°C for 4 
or 16 s, or 138°C for 16 s, or when a preheat treatment of 90°C for 50 s was used. 
8. Browning was more intense for samples processed with more severe heat treatment 
Higher temperatures 
Longer holding time 
Indirect heating. 
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9. Browning limited shelf life of 2X UHT milk processed with indirect heating and stored 
at 35°C. 
10. The rate of pH reduction was greater for samples stored at 35°C than 15°C. 
11. At 15°C storage, the most stable 2X concentrated milk was 
Preheated at 75°C for 20 s 
Indirectly heated 
UHT-processed at 138°C for 16 s. 
12. In general, 
Browning limited shelf life to 5 months at 15°C of indirectly heated milk when 16 s 
UHT holding time at 138 or 145°C was used. 
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2X UHT milk heated with steam injection with 4 s UHT holding time at 138 or 145°C 
was stable for 5 months, at which time it gelled. 
2X UHT milk that was indirectly heated with 4 s UHT holding time was stable at 15°C 
until 6 months, at which time it gelled. 
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TABLE 10. An example of ANOVA for pH showing sum of squares 
Source of variation di 
Replicate (R) 1 
Method(M) 1 
UHTtime(T) 1 
Preheat time (P) 1 
UHT temperature (H) 1 
Preheat temperature (P) 1 
Storage temperature (F) 1 
RM 1 
RU 1 
RT 1 
RH 1 
RP 1 
RF 1 
MU 1 
MT 1 
MH 1 
MP 1 
MF 1 
UT 1 
UH 1 
UP 1 
VF 1 
TH 1 
TP 1 
TF 1 
HP 1 
HF 1 
PF 1 
RMU 1 
RMT 1 
RMH 1 
RMP 1 
RMF 1 
RUT 1 
RUH 1 
RUP 1 
RUF 1 
RTH 1 
RTP 1 
RTF 1 
RHP 1 
RHF 1 
RPF 1 
MUT 1 
MUH 1 
MUP 1 
MUF 1 
MTH 1 
MTP 1 
MTF 1 
MHP 1 
MHF 1 
SS 
.04458 
.98713 
.08564 
.03938 
.08140 
.00058 
2.27416 
.03991 
.015578 
.00145 
.00654 
.00086 
.04153 
.02813 
.00030 
.00978 
.1215 
.16940 
.00293 
.00004 
.00560 
.02025 
.00052 
.00000 
.00001 
.00550 
.00778 
.00043 
.08604 
.00006 
.00378 
.00530 
.01321 
.00370 
.00200 
.00231 
.00265 
.00130 
.00099 
.00071 
.00125 
.00130 
.00654 
.00026 
.00018 
.00068 
.00206 
.02064 
.00244 
.00028 
.00875 
.00265 
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MPF 1 .00018 
UTH 1 .01086 
UTP 1 .00010 
UTF 1 .00394 
UHP 1 .00455 
UHF 1 .00161 
UPF 1 .00125 
THP 1 .00140 
THF 1 .00790 
TPF 1 .00300 
HPF 1 .00094 
RMlIT 1 .00022 
RMUH 1 .00231 
RMUP 1 .00055 
RMUF 1 .03911 
RMfH 1 .000068 
RMTP 1 .00052 
RMTF 1 .00008 
RMHP 1 .00219 
RMHF 1 .00000 
RMPF 1 .00172 
RUTH 1 .00121 
RUTP 1 .00308 
RUTF 1 .00150 
RUHP 1 .00016 
RUHF 1 .00300 
RUPP 1 .00001 
RTHP 1 .00004 
RTHF 1 .00008 
RTPF 1 .00046 
RHPF 1 .00429 
MUTH 1 .00099 
MUTP 1 .00000 
MUTF 1 .00189 
MUHP 1 .00206 
MUHF 1 .00016 
MUPF 1 .00206 
MTHP 1 .00177 
MTHF 1 .01004 
MTPF 1 .00265 
MHPF 1 .00055 
UTHP 1 .00112 
UTHF 1 .00354 
UTPF 1 .00103 
UHPF 1 .00219 
THPF 1 .00033 
RMUTH 1 .00338 
RMUTP 1 .00231 
RMUTF 1 .00099 
RMUHP 1 .00004 
RMUHF 1 .00965 
RMUPF 1 .00330 
RMTHP 1 .00001 
RMTHF 1 .00046 
RMTPF 1 .00116 
(Continues on next page) 
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RMHPF 1 .00116 
RUTHP 1 .00183 
RUTHF 1 .00099 
RUTPF 1 .00172 
RUHPF 1 .00002 
RTHPF 1 .00068 
MUTHP 1 .00055 
MUTHF 1 .00601 
MUTPF 1 .00061 
MUHPF 1 .00354 
MTHPF 1 .00094 
UTHPF 1 .00083 
RMUTHP 1 .00004 
RMUTHF 1 .00030 
RMUTPF 1 .00338 
RMUHPF 1 .00024 
RMTHPF 1 .00094 
RUTHPF 1 .00099 
MUTHPF 1 .00086 
RMUTHPF 1 .00140 
Month (N) 6 9.77930 
RN 6 .03034 
MN 6 .06203 
UN 6 .06031 
1N 6 .01025 
HN 6 .00485 
PN 6 .00784 
FN 6 5.17837 
Emr 720 1.12726 
Total 895 38.48698 
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TABLE 11. An example of ANOV A for browning showing sum of squares 
Source of variation di 
Replicate (R) 1 
Method(M) 1 
UHTtime(1) 1 
Preheat time (P) 1 
UHT temperature (H) 1 
Preheat temperature (P) 1 
Storage temperature (F) 1 
RM 1 
RU 1 
RT 1 
RH 1 
RP 1 
RF 1 
MU 1 
Mr 1 
MH 1 
MP 1 
MF 1 
UT 1 
UH 1 
UP 1 
UF 1 
1H 1 
TP 1 
TF 1 
HP 1 
HF 1 
PF 1 
RMU 1 
RMT 1 
RMH 1 
RMP 1 
RMF 1 
RUT 1 
RUH 1 
RUP 1 
RUF 1 
RIB 1 
RTP 1 
RTF 1 
RHP 1 
RHF 1 
RPF 1 
MlJf 1 
MUH 1 
MUP 1 
MUF 1 
M1H 1 
MTP 1 
MTF 1 
MHP 1 
MHF 1 
SS 
17.16 
1443.84 
314.93 
112.15 
94.90 
59.66 
2002.22 
.34 
.17 
.20 
.56 
.01 
.05 
.18 
3.96 
16.78 
22.95 
106.98 
4.72 
4.40 
.41 
2.68 
4.43 
.59 
2.89 
33.17 
18.57 
19.39 
1.88 
.43 
1.99 
.12 
.07 
.04 
1.26 
.03 
.02 
.29 
.02 
.00 
.09 
.00 
.00 
3.11 
1.99 
.96 
.00 
.03 
.00 
2.47 
21.19 
1.20 
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MPF 1 14.91 
UTH 1 .70 
U1P 1 .21 
UTF 1 .23 
UHP 1 .01 
UHF 1 1.53 
UPF 1 .00 
THP 1 .59 
THF 1 .05 
TPF 1 .00 
HPF 1 15.49 
RMlff 1 .03 
RMUH l 1.31 
RMUP 1 .18 
RMUF 1 .01 
RMTH 1 .01 
RMTP 1 .06 
RMTF 1 .01 
RMHP 1 .00 
RMHF 1 .03 
RMPF 1 .03 
RUTH 1 .46 
RU1P 1 .02 
RUTF 1 .00 
RUHP 1 .03 
RUHF 1 .00 
RUPF 1 .00 
RTHP 1 .29 
RTHF 1 .00 
RTPF 1 .00 
RHPF 1 .03 
MUTH 1 .46 
MUTP 1 .73 
MUTF 1 .21 
MUHP 1 .89 
MUHF 1 1.32 
MUPF 1 .10 
MTHP 1 .22 
MTHF 1 .05 
MTPF 1 .15 
MHPF 1 15.75 
UTHP 1 .03 
UTHF 1 2.57 
UTPF 1 2.65 
UHPF 1 1.02 
THPF 1 .05 
RMUTH 1 .01 
RMUTP 1 .05 
RMUTF 1 .00 
RMUHP 1 .01 
RMUHF 1 .02 
RMUPF 1 .03 
RMTHP 1 .06 
RMTHF 1 .05 
RMTPF 1 .08 
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RMHPF 1 .11 
RUTHP 1 .28 
RUTHF 1 .01 
RUTPF 1 .00 
RUHPF 1 .04 
RTHPF 1 .01 
MUTHP 1 .52 
MUTHF 1 .10 
MUTPF 1 .01 
MUHPF 1 .85 
MTHPF I .07 
UTHPF 1 2.36 
RMUTHP 1 .03 
RMUTHF 1 .09 
RMUTPF 1 .04 
RMUHPF 1 .15 
RMTHPF 1 .16 
RUTHPF 1 .01 
MUTHPF 1 .19 
RMUTHPF 1 .14 
Month (N) 6 662.79 
RN 6 2.67 
MN 6 452.01 
UN 6 155.46 
1N 6 42.61 
HN 6 29.63 
PN 6 25.12 
FN 6 927.62 
Emr 720 25.95 
Total 895 12926.24 
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TABLE 12. An example of ANOVA for sedimentation showing sum of squares 
Source of variation di 
Replicate (R) 1 
Method(M) 1 
UHTtime('I) 1 
Preheat time (P) 1 
UHT temperature (H) 1 
Preheat temperature (P) 1 
Storage temperature (F) 1 
RM 1 
RU 1 
RT 1 
RH 1 
RP 1 
RF 1 
MU I 
MT 1 
MH 1 
MP 1 
MF 1 
UT 1 
UH 1 
UP 1 
UF I 
TH 1 
TP 1 
TF 1 
HP 1 
HF 1 
PF 1 
RMU 1 
RMT 1 
RMH 1 
RMP 1 
RMF 1 
RUT 1 
RUH 1 
RUP 1 
RUF 1 
RTH 1 
RTP 1 
RTF 1 
RHP 1 
RHF 1 
RPF 1 
MUT 1 
MUH 1 
MUP 1 
MUF 1 
MTH 1 
MTP 1 
MTF 1 
MHP 1 
MHF 1 
SS 
.0001 
38.5701 
1.0795 
6.2278 
3.4130 
1.0795 
81.1809 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
11.4528 
.2893 
.0019 
.6699 
.5064 
.9581 
.1050 
.1580 
1.0382 
.501 
.0019 
.9581 
.2545 
.5159 
.4509 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
2.1509 
.8440 
.1326 
.3039 
.0009 
.0443 
2.8238 
.0314 
1.8306 
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MPF 1 .1915 
urn 1 .1278 
UTP 1 .0040 
UTF 1 1.0519 
UHP 1 .5550 
UHF 1 .3113 
UPF 1 .0732 
THP 1 .0153 
THF 1 .1744 
TPF 1 .3576 
HPF 1 .0884 
RMUT 1 .0001 
RMUH 1 .0001 
RMUP 1 .0001 
RMUF 1 .0001 
RMTH 1 .0001 
RMTP 1 .0001 
RMTF 1 .0001 
RMHP 1 .0001 
RMHF 1 .0001 
RMPF 1 .0001 
RUTH 1 .0001 
RUTP 1 .0001 
RUTF 1 .0001 
RUHP 1 .0001 
RUHF 1 .0001 
RUPF 1 .0001 
RTHP 1 .0001 
RTHF 1 .0001 
RTPF 1 .0001 
RHPF 1 .0001 
MUTH 1 .0170 
MUTP 1 .0009 
MUTF 1 1.7238 
MUHP 1 .1974 
MUHF 1 .6590 
MUPF 1 .1094 
MTHP 1 .0005 
MTHF 1 .4157 
MTPF 1 .0005 
MHPF 1 .0290 
UTHP 1 .0094 
UTHF 1 .3340 
UTPF 1 .0049 
UHPF 1 .0070 
THPF 1 .0206 
RMUTH 1 .0001 
RMUTP 1 .0001 
RMUTF 1 .0001 
RMUHP 1 .0001 
RMUHF 1 .0001 
RMUPF 1 .0001 
RMTHP 1 .0001 
RMTHF 1 .0001 
RMTPF 1 .0001 
RMHPF 1 .0001 
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RUTHP 1 .0001 
RUTHF 1 .0001 
RUTPF 1 .0001 
RUHPF 1 .0001 
RTHPF 1 .0001 
MUTHP 1 .0005 
MUTHF 1 .0845 
MUTPF 1 .0059 
MUHPF 1 .1689 
MTHPF 1 .0443 
UTHPF 1 .0014 
RMUTHP 1 .0001 
RMUTHF 1 .0001 
RMUTPF 1 .0001 
RMUHPF 1 .0001 
RMTHPF 1 .0001 
RUTHPF 1 .0001 
MUTHPF 1 .0188 
RMUTHPF 1 .0001 
Month (N) 6 309.9145 
RN 6 .0006 
MN 6 24.2294 
UN 6 3.2006 
1N 6 3.8435 
HN 6 1.9508 
PN 6 .6706 
FN 6 88.8823 
Erroc 720 64.4877 
Total 895 661.1144 
104 
TABLE 12. An example of ANOVA for sedimentation showing sum of squares 
Source of variation di 
Replicate (R) 1 
Method(M) 1 
UHTtime(T) 1 
Preheat time (P) 1 
UHT temperature (H) 1 
Preheat temperature (P) 1 
Storage temperature (F) 1 
RM 1 
RU 1 
RT 1 
RH 1 
RP 1 
RF 1 
MU 1 
MT 1 
MH 1 
MP 1 
MF 1 
UT 1 
UH 1 
UP 1 
UF 1 
TI-I 1 
TP 1 
TF 1 
HP 1 
HF 1 
PF 1 
RMU 1 
RMT 1 
RMH 1 
RMP 1 
RMF 1 
RUT 1 
RUH 1 
RUP 1 
RUF 1 
RIB 1 
RTP 1 
RTF 1 
RHP 1 
RHF 1 
RPF 1 
MUT 1 
MUH 1 
MUP 1 
MUF 1 
MTI-1 1 
MTP 1 
MTF 1 
MHP 1 
MHF 1 
SS 
.0001 
38.5701 
1.0795 
6.2278 
3.4130 
1.0795 
81.1809 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
11.4528 
.2893 
.0019 
.6699 
.5064 
.9581 
.1050 
.1580 
1.0382 
.501 
.0019 
.9581 
.2545 
.5159 
.4509 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
.0001 
2.1509 
.8440 
.1326 
.3039 
.0009 
.0443 
2.8238 
.0314 
1.8306 
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MPF 1 .1915 
U11{ 1 .1278 
UTP 1 .0040 
lITF 1 1.0519 
UHP 1 .5550 
UHF 1 .3113 
UPF 1 .0732 
THP 1 .0153 
THF 1 .1744 
TPF 1 .3576 
HPF 1 .0884 
RMUT 1 .0001 
RMUH 1 .0001 
RMUP 1 .0001 
RMUF 1 .0001 
RMTH 1 .0001 
RMTP 1 .0001 
RMTF 1 .0001 
RMHP 1 .0001 
RMHF 1 .0001 
RMPF 1 .0001 
RUTH 1 .0001 
RUTP 1 .0001 
RUTF 1 .0001 
RUHP 1 .0001 
RUHF 1 .0001 
RUPF 1 .0001 
RTHP 1 .0001 
RTHF 1 .0001 
RTPF 1 .0001 
RHPF 1 .0001 
MUTH 1 .0170 
MUTP 1 .0009 
MUTF 1 1.7238 
MUHP 1 .1974 
MUHF 1 .6590 
MUPF 1 .1094 
MTHP 1 .0005 
MTHF 1 .4157 
MTPF 1 .0005 J. 
MHPF 1 .0290 
UTHP 1 .0094 
UTHF 1 .3340 
UTPF 1 .0049 
UHPF 1 .0070 
THPF 1 .0206 
RMUTH 1 .0001 
RMUTP 1 .0001 
RMUTF 1 .0001 
RMUHP 1 .0001 
RMUHF 1 .0001 
RMUPF 1 .0001 
RMTHP 1 .0001 
RMTHF 1 .0001 
RMTPF 1 .0001 
RMHPF 1 .0001 
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RUTHP 1 .0001 
RUTHF 1 .0001 
RUTPF 1 .0001 
RUHPF 1 .0001 
RTHPF 1 .0001 
MUTHP 1 .0005 
MUTHF 1 .0845 
MlITPF 1 .0059 
MUHPF 1 .1689 
MTHPF 1 .0443 
UTHPF 1 .0014 
RMUTHP 1 .0001 
RJ'v1UTHF 1 .0001 
RMUTPF 1 .0001 
RMUHPF 1 .0001 
RMTHPF 1 .0001 
RUTHPF 1 .0001 
MUTHPF 1 .0188 
RMUTIIPF 1 .0001 
Month (N) 6 309.9145 
RN 6 .0006 
MN 6 24.2294 
UN 6 3.2006 
1N 6 3.8435 
HN 6 1.9508 
PN 6 .6706 
FN 6 88.8823 
Error 720 64.4877 
Total 895 661.1144 
